Early stages of transformation of a metastable AlCuMg alloy have been studied by DSC, X-ray powder diffraction method, quantitative microstructure analysis, hardness, compression strength and by scanning electron microscope. Differential scanning calorimetry has been done for samples: AlCu15Mg1 (0%Ti), AlCu15Mg1 (0.25%Ti), AlCu15Mg2 (0.25%Ti), AlCu15Mg3 (0%Ti), AlCu15Mg3 (0.25%Ti), AlCu15Mg4 (0.25%Ti), AlCu15Mg5 (0%Ti), AlCu15Mg5 (0.25%Ti). This method has produced DSC-curve, where endothermal effects are present, on the basis of which the heat of transition has been obtained. With increasing the magnesium and titanium content in the alloy, for the first and the second detectable endothermal effect, the value of heat of transition decreases. The formation of intermetallic compounds Al 2 Cu and Al 2 CuMg is monitored by X-ray powder diffraction. This method has shown that a tetragonal intermetallic compound Al 2 Cu and orthorhombic intermetallic compound Al 2 CuMg are formed for AlCuMg alloy. The effect of the magnesium and titanium content on the microstructure was monitored quantitatively. Using automatic image analysis we were able to measure the linear intercept grain size, the secondary dendrite arm spacing (DAS), the size of eutectic cells (Le), as well as the size distribution and volume fractions of the -solid solution and the eutectic. In alloys containing high magnesium the average values of the DAS and grain size were found to be reduced.
Introduction
Excellent strength vs. density ratio, formability and corrosion resistance, make high-copper AlCuMg alloys a potential candidate for a number of industrial applications. 1) Developed in the early times in the aeronautical field, they have been then considered for a wide range of different applications, even though, due to their high specific strength, they are mainly considered as a substitute of iron-based materials for structural parts in the transportation industry. Several technical compositions are presently standardized and new alloys based on that metallic system are now being considered and developed. 2) A previous investigation 3) tried to prove that alloys with higher content of copper (approximately 15 mass%) have tendency to nondendritic solidification. We have found it very interesting from both theoretical and practical point of view (semi-solid processing). We have also found that the most important parameters on forming and transformation of phases in these alloys are magnesium and titanium. In this investigation mean attention was paid to mechanism of solidification and microstructure. The influence of chemical contents and structure on the mechanical properties (hardness and compression strength) was also investigated.
In these alloys aluminium is the primary constituent and in the cast alloys the basic structure consists of cored dendrites of aluminium solid solution, with a variety of constituents at the grain boundaries or interdendritic spaces, forming a brittle, more or less continuous network of eutectics. Copper has been the most common alloying element almost since the beginning of the aluminium industry, and a variety of alloys in which copper is the major addition were developed. Magnesium is usually combined with copper. The constituents formed in the alloys containing only one or more of copper, magnesium, etc. are soluble ones.
Depending on the alloy composition (say Cu content and Cu/Mg ratio), different phase distributions and consequently different material characteristics can be obtained. In this paper a DSC study of eight different AlCuMg alloys having a high copper content (15 mass%) and a Cu/Mg ratio 15; 7.5; 5; 3.75 and 3 respectively, is reported in order to investigate the effects of magnesium and titanium contents on the microstructure of AlCuMg alloys.
Experimental Procedure
Experimental work can be divided in two phases. The first phase comprises melting and casting of AlCuMg alloys. The solidification structure was modified by the addition of the AlTi5B1 to give alloys containing 0 to 0.25% titanium.
The second phase includes characterization of cast samples by differential scanning calorimetry, X-ray powder diffraction method, quantitative microstructure analysis and scanning electron microscope JCXA-733. The properties of these materials have been also examined including: hardness measuring and compression strength determining.
The composition of the alloys has been determined by wet analysis and the results are reported in Table 1. DSC analyses have been performed in a differential scanning calorimeter type Shimadzu DSC-50 under protective argon atmosphere, at a scanning rate of 10 C/min, to the maximum temperature of 725 C. Mass of tested samples has been in range of 15.02-15.17 mg. Differential scanning calorimetry has been done for samples: AlCu15Mg1 (0%Ti), AlCu15Mg1 (0.25%Ti), AlCu15Mg2 (0.25%Ti), AlCu15Mg3 (0%Ti), AlCu15Mg3 (0.25%Ti), AlCu15Mg4 (0.25%Ti), AlCu15Mg5 (0%Ti), AlCu15Mg5 (0.25%Ti).
This method has produced DSC-curve on the basis of which next parameters have been calculated: heat of transition (Table 2 and Figs. [1] [2] [3] [4] [5] . From the enclosed results of the testing it can be seen that addition of the titanium performs modification of the structure. If a result is a better Table 2 Change of heat of transition of the investigated alloys with an increased titanium and magnesium content in the alloys. dispersion of insoluble components, porosity and nonmetal inclusions, it will improve mechanical properties. The X-ray diffraction analysis was performed on the AlCu15Mg1 (0.25%Ti), AlCu15Mg2 (0.25%Ti), AlCu15Mg3 (0.25%Ti), AlCu15Mg4 (0.25%Ti) and AlCu15Mg5 (0.25%Ti) samples using a wide range of angles (2) from 5 to 100 with a step of 0.02 and a holding time of 0.50 seconds at each step. A diffractometer with a graphite monochromator and a constant divergence slit (D) of 1 mm was used. The current and the voltage of the X-ray tube during the analysis were 30 mA and 40 kV, respectively. The width of the receiving slit (R) was 0.1 mm, corresponding to fine focused X-ray tubes. The radiation was Cu K 1 / 2 , doublet (! 1 ¼ 0:154178 nm and ! 2 ¼ 0:154438 nm).
The effect of the magnesium and titanium content on the microstructure was monitored quantitatively, using an automatic device for image analysis, QUANTIMET 500MC, and linear measuring method. Using automatic image analysis we were able to measure the grain size (minimum, maximum and average values-see Table 3 ), the dendrite arm spacing 4) -DAS (see Table 4 ), the eutectic cell length-Le (see Table 5 ), the relative standard measuring errors (RSE) for all the mention parameters, as well as the distribution by grain size and volume fractions of the -solid solution and the eutectic.
The Figs. 6-10 was obtained by applying scanning electron microscope JCXA-733. The current and the voltage during the analysis for the copper, magnesium and titanium were 1 Â 10 À8 A and 20 kV, respectively, and we applied K radiation.
Hardness has been measured by use of the Brinell method. Compression strength of the samples of cast alloys has been C and 550 C, where only endothermal effects can be detected, c) a ''high temperature'' section between 550 C and 700 C where a broad endothermic effect is present.
In the thermograms reported in Figs. 1 
C for alloy AlCu15Mg1 (0%Ti). These results show that the first peak is due to the localized melting with the formation of a melt rich in copper and magnesium in the presence of the solid solution and the compounds Al 2 Cu and Al 2 CuMg. In alloys in which the copper: magnesium ratio is more than 8:1 the main hardening phase is Al 2 Cu (); in the alloys in the range 8:1 to 4:1 the main hardening phases are Al 2 Cu and Al 2 CuMg. Between 4:1 and 1.5:1 the main hardening phase is Al 2 CuMg. Also, these results show that with the increased titanium content in the alloy, value of the heat of transition is decreased from À1:83 J/g for alloy AlCu15Mg1 (0%Ti) to À3:87 J/g for alloy AlCu15Mg1 (0.25%Ti) (see Table 2 ). Also, it is possible to see that with the increased magnesium content in the alloy, the value of the heat of transition is decreased from À1:83 J/g for alloy AlCu15Mg1 (0%Ti) to À49:70 J/g for alloy AlCu15Mg3 (0%Ti) (see Table 2 ).
In the thermograms reported in Figs. 1-5 the second detectable thermal effect is the intermediate temperature endothermal peak. It refers to a phase whose activation energy is À27:67 J/g for alloy AlCu15Mg1 (0%Ti) and À32:90 J/g for alloy AlCu15Mg1 (0.25%Ti). From these results and results of the X-ray analysis of samples after heating on 540 C it is possible to conclude that for this alloys the second peak can be assigned to the local melting of the ternary eutectic. Also, these results prove that with the increased titanium content in the alloy, value of the heat of transition is decreased (see Table 2 ). Also, it is seen that with the increased magnesium content in the alloy, value of the heat of transition is decreased from À32:90 J/g for alloy AlCu15Mg1 (0.25%Ti) over À72:07 J/g for alloy AlCu15Mg4 (0.25%Ti) to À75:75 J/g for alloy AlCu15Mg5 (0.25%Ti) (see Table 2 ).
In the thermograms reported in Figs. 1-5 the third detectable thermal effect is the high temperature endothermal peak. It refers to a phase whose activation energy is À68:35 J/g for alloy AlCu15Mg1 (0%Ti) and À54:39 J/g for alloy AlCu15Mg1 (0.25%Ti); or À44:06 J/g for alloy AlCu15Mg5 (0%Ti) and À28:28 J/g for alloy AlCu15Mg5 (0.25%Ti). On the basis of these results it is possible to conclude that for these alloys the third peak shows thermal events associated with localized melting of the binary eutectic. It is seen that with the increased magnesium content 10.01 µm in the alloy, value of the heat of transition is increased from À68:35 J/g for alloy AlCu15Mg1 (0%Ti) over À53:73 J/g for alloy AlCu15Mg3 (0%Ti) to À44:06 J/g for alloy AlCu15Mg5 (0%Ti) (see Table 2 ). Also, the results show that with the increased titanium content in the alloy, value of the heat of transition is increased from À68:35 J/g for alloy AlCu15Mg1 (0%Ti) to À54:39 J/g for alloy AlCu15Mg1 (0.25%Ti) (see Table 2 ). With the increased titanium content in the alloy, value of the temperature of the third peak is decreased on example from 615.17 C for alloy AlCu15Mg1 (0%Ti) to 608.97 C for alloy AlCu15Mg1 (0.25%Ti) (see Table 2 ). Also with the increased magnesium content in the alloy, value of the temperature of the third peak is decreased, for example, from 615.2 C for alloy AlCu15Mg1 (0%Ti) to 596.0 C for alloy AlCu15Mg5 (0%Ti) (see Table 2 ).
µm

Quantitative microstructure analysis
In this paper, the effects of magnesium and titanium contents on the microstructure and properties of AlCuMg alloy were examined. The as-cast structure was modified by the addition of the AlTi5B1 to give alloys containing 0 to 0.25 mass% titanium. Namely, copper content in the standard alloys ranges up to around 5% since the maximum solubility of copper in eutectic temperature (548 C) is 5.65%. Standard industrial aluminium-copper alloys solidify with the formation of a dendritic structure, however, a tendency to form with a globular structure at higher copper contents was reported 5, 6 ) and eutectic appears in the interdendritic space and between grains.
In the binary aluminium-copper system, the aluminiumrich terminal solid solution is in equilibrium with the intermetallic compound , which has approximately the formula CuAl 2 , although some solid solubility exists. The addition of magnesium allows the formation of more intermetallic compounds, such as CuMgAl 2 , CuMg 4 Al 6 , CuMgAl and Cu 6 Mg 2 Al 5 , as illustrated in Fig. 11 by the isothermal section at 430 C for the ternary system. Magnesium increases 5) the strength and hardness of the alloys, but, especially in castings, this is accompanied by a decrease in ductility and impact resistance. Titanium is added as grain refiner and it is very effective in reducing the grain size. Grain size controls the distribution 6) of porosity and constituents, and for this reason the properties of the highcopper alloys are very sensitive to grain size.
These investigated AlCuMg alloys without titanium have typical dendritic structures. Micrographs show dendrites of aluminium solid solution as the primary phase, with a eutectic mixture filling the interdendritic spaces. The eutectic is of the divorced type-particles of a second phase in a solid solution. The second phase can be an intermetallic compounds that contain aluminium and one or more alloying elements (Al 2 Cu and Al 2 CuMg); intermetallic compounds that do not necessarily contain aluminium (Mg 2 Cu or MgCu 2 ); or an alloying element, such as copper or magnesium, without depending on the composition of the alloy. Investigated AlCuMg alloys with titanium have typical cellular structures. Cast AlCuMg alloys contain soluble phases: Al 2 Cu or Al 2 CuMg which appear in various amounts and at various locations in the microstructure, depending on the thermal history of the specimen.
The Figs. 6-10 were obtained by applying scanning electron microscope JCXA-733. There is copper and a little magnesium in the white phase. X-ray analysis confirmed that the gray phase of eutectic contains magnesium, but copper exist in lighter phases. Titanium is obtained in the form of little plates in some areas of eutectic but only in the white phase. It also exists inside the grain.
Using automatic image analysis we were able to measure the grain size (minimum, maximum and average values), dendrite arm spacing-DAS, the eutectic cell length-Le, the relative standard measuring errors-RSE and volume fractions of the -solid solution and the eutectic.
Measurement of dendrite arm spacing is accomplished in the same manner as grain size measurement, that is, by the intercept method. Dendrite arm spacing is an important consideration in cast aluminium-copper-magnesium alloy microstructures. From the results of these measurements, it is possible to obtain information on the rate of solidification of the material and therefore on some indication of the strength of the material. For example, the finer the dendrite arm spacing is, the higher the strength.
Measured grain sizes are expressed in the mean diameter per grain. Grain size and structure of dendrite and eutecticum depend on processing parameters, 7) first of all on melt temperature and the solidification rate. Material properties also depend on the last two items. Also, addition of a grain refiner (AlTi5B1) resulted in the nearly equiaxed structure shown in micrographs. The addition of titanium and boron in form of the alloy AlTi5B1 are used to produce particles of TiB 2 in the melt. These particles are then the nuclei for the TiAl 3 phase that affects the solidification. Titanium and aluminium produce a peritectic reaction with the TiAl 3 and the solid peritectic acts as a solidification nucleus for pure aluminium and its solid solutions. The reduction in grain size and dendrite arm spacing, and also improvement in structure uniformity as a result of adding a grain refiner is shown in Figs. 6-10 and Table 3 -4. Also, size and shape are affected by the addition of magnesium. With increased amounts of magnesium for the same content of titanium in the alloy, the average values of the dendrite arm spacing and grain size are decreased, and we obtain a fine, uniform grain structure, as shown in micrographs and Table 3 -4. Also, in alloys containing high magnesium the average values of the eutectic cell length and volume fractions of the eutectic were found to increase (Table 5 ). Chemical composition affects structure through its influence on phase relations.
Results of the X-ray analysis
Using X-ray powder diffraction we concluded that for AlCuMg alloys the tetragonal intermetallic compound Al 2 Cu and orthorhombic intermetallic compound Al 2 CuMg are formed across the whole range of magnesium addition. (Table 6 ).
The sub-grain is the range of the lattice of the crystal grain from which the X-rays are coherently diffracted. The subgrains are separated by dislocation walls and have a space orientation which is different by several angle minutes. Using X-ray diffraction of polycrystals, the sub-grain is defined as a range of quantitative values, starting from the average length in a definite crystallographic direction, through the average volume, to their dimensional distributions. In alloys containing high magnesium the average sub-grain size in the crystallographic direction [112] were found to increase.
Mechanical properties
The Brinell hardness and the compression strength are shown in Table 7 . The changes in chemical composition of the alloy cause changes in the structure and these changes are reflected in the Brinell hardness and the compression strength. The hardness of the modified alloy is higher than the hardness of the alloy without any modification treatment. By increasing the content of magnesium and titanium the hardness and compression strength also increase.
Conclusions
Different parameters obtained as a result a application various analysis on the aluminium-copper-magnesium alloys enable us to explain influence of magnesium and titanium contents on the mode of formation and the structure in that system. From the obtained data the following conclusions can be drawn: -For AlCuMg alloys the first peak from thermograms reported in Figs. 1-5 can be assigned to the localized melting with the formation of a melt rich in copper and magnesium in presence of the solid solution and the compounds Al 2 Cu and Al 2 CuMg. -With the increased magnesium and titanium content in the alloy for the first and for the second peak from thermograms, value of the heat of transition is decreased, but for third peak with the increased content of magnesium and titanium value of the heat of transition is increased (see Table 2 and Fig. 1-5 ).
-For these alloys the second peak from thermograms can be assigned to the local melting of the ternary eutectic and the third peak showing thermal events is associated with local melting of the binary eutectic.
-With the increased amounts of magnesium for the same content of titanium in the alloy, the average values of the dendrite arm spacing and grain size are decreased (see Tables 3 and 4 ). -With the same chemical composition of AlCuMg alloy but increased titanium content, the average value of the grain size is decreased (see Table 3 ). Besides, the presence of titanium causes a decrease in the medium value of the dendrite arm spacing (DAS) and length eutectic (Le) (see Tables 4 and 5) . With the addition of AlTi5B1, a modification to the solidification structure and smaller solidification grains are obtained. We confirmed that titanium is a very effective grain refiner. The resulting dispersion of insoluble components as well as a smaller porosity and fewer non-metal inclusions improved the mechanical properties.
-Across the whole range of magnesium content tested has been found out that for AlCu15MgX alloys a tetragonal intermetallic compound Al 2 Cu and orthorhombic intermetallic compound Al 2 CuMg are formed.
-Compression strength and hardness of the aluminiumcopper-magnesium alloys increase with the content of titanium and magnesium (Table 7) .
